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Abstract 
Daversability Index is introduced in this paper as a 
new and simple measure for traversabilaty of plane- 
tary surfaces by  mobile robots. This index is devel- 
oped using the framework of fuzzy logic, and is ex- 
pressed by linguistic fuzzy  sets that quantify the suit- 
ability of the terrain  for traverse based on  its phys- 
ical properties, such as slope and roughness. The 
Ilt.aversability Index is used for  classifysng planetary 
surfaces, and provides a simple means for  incorpo- 
rating the terrain quality data  (out  to about 30 me- 
ters)  in the rover  navigation strategy. A set of fuzzy 
navigation rules is developed using the Zhversability 
Index to guide the rover toward the safest and the 
most traversable terrain.  In  addition, another set of 
fuzzy rules is developed to drive  the  rover from its ini- 
tial position and orientation  to a user-specified goal 
configuration. These two rule sets are  antegrated in 
a two-layer architectut-e for autonomous  rover navi- 
gation without a priori knowledge about the environ- 
ment. A computer  simulation  study is presented to 
demonstrate the capability of the rover to reach the 
goal safely while avoiding impassable terrains. 

1 Introduction 
Although considerable research has been  conducted 
on mobile robots in recent years, the bulk of this 
research is focused  on  in-door robots operating in 
highly-structured, man-made environments. Typi- 
cally, the environment consists of a flat, smooth, 
horizontal floor  on  which the  robot moves. Plane- 
tary mobile robots,  on  the  other  hand,  must traverse 
harsh natural terrains  that  are uneven, rough, and 

have  slopes. These physical properties of the  terrain 
add a new dimension to  the complexity of the  robot 
navigation problem. The photograph of the  Martian 
terrain shown  in Figure 1 indicates that each region 
of the  terrain offers a different traversability charac- 
teristics to  the Sojourner rover. 

In this paper, a new concept called !haversobil- 
ity Index is introduced for the first time for mo- 
bile robots (rovers) operating  on  planetary  terrains. 
This index is expressed  by linguistic fuzzy sets that 
represent the suitability of the  terrain for traverse 
based on its physical properties, such as slope and 
roughness. The index also gives a basis for  clas- 
sifying planetary surfaces according to  their ease 
of traverse, ranging from “highly untraversable” to 
“highly traversable” terrains. Using the Traversabil- 
ity Index, a set of fuzzy navigation rules is developed 
to guide the rover toward the safest and  the most 
traversable terrain. This rule set is integrated  with 
fuzzy rules for goal seeking to obtain an autonomous 
navigation strategy for a mobile robot that requires 
no a priori knowledge about  the environment. 

The paper is structured as follows. In Section 2, 
the Traversability Index is  defined using the fuzzy 
logic  framework. A set of fuzzy navigation rules 
based  on this index  is presented in  Section 3. Section 
4 discusses  fuzzy  logic rules for the rover  goal  seek- 
ing. The integration of the  terrain traversing and 
goal  seeking  fuzzy rule sets is described  in  Section 
5. An illustrative example  is presented in  Section 
6 for  proof-of-concept and demonstartion. The pa- 
per is  concluded  in  Section 7 with  a  brief  review and 
future plans. 



2 Traversability  Index  for 
Planetary Rovers 

This section establishes 7hversability Index as a new 
and simple measure for traversability of planetary 
surfaces by mobile robots.  This index is developed 
using the framework of fuzzy  logic,  which has been 
used extensively for navigation of mobile robots [see, 
e.g., 1-11]. The Traversability Index r is expressed 
by linguistic fuzzy sets quantifying how traversable a 
particular  terrain is for a given  rover.  Several options 
are available for  defining the Traversability Index as 
a function of the  terrain physical properties. In this 
paper,  the Traversability Index r is defined as a fuzzy 
function of two physical variables: the terrain slope 
a and  the  terrain roughness p ,  where a and p are 
both expressed by linguistic fuzzy sets as described 
below. 

2.1 Terrain  Slope cy 

The  terrain slope a can be measured by a vision 
or a laser system mounted on the rover [12]. The 
slope a is represented by the four linguistic fuzzy 
sets { LOW, MEDIUM, HIGH,  VERY  HIGH }. The 
membership functions of these  sets  are shown in Fig- 
ure 2a, where the abscissa a is the magnitude of the 
terrain slope and  the ordinate p ( a )  is the degree-of- 
membership. Note that  the slope can be either a 
positive quantity representing a mound or a hill, or 
a negative quantity representing a crater or a down- 
ward surface. Observe that exact measurement of 
the  terrain slope is not needed using the fuzzy  logic 
framework. 

2.2 Terrain  Roughness p 
The  terrain roughness p can also be measured using 
an on-board vision or laser system [12]. The rough- 
ness  is dependent on  two variables: the rock  sizes 
and  the rock concentration (density) on the terrain. 
Let b denote the “average” rock size (R height x 
mean area) on the terrain.  Then 6 can be represented 
by the two linguistic fuzzy sets { SMALL,  LARGE 
}. Similarly, the rock concentration on the terrain is 
denoted by w ,  and is represented by the two  linguis- 
tic fuzzy sets { LOW, HIGH }. Then, the terrain 
roughness p can be expresssed as a fuzzy function 
of the rock size 6 and  the rock concentration w. Let 

/3 be represented by the four linguistic fuzzy sets { 
SMOOTH, BUMPY, ROUGH, ROCKY }, where the 
membership functions are shown in Figure 2b. The 
dependence of p on 6 and w can then be expressed 
intuitively by a set of four simple fuzzy rules sum- 
marized in Table 1. Notice that exact measurements 
of the average rock size b and  the rock concentration 
w are not needed, because of the fuzzy nature of the 
rule set. 

2.3 Traversability  Index r 
The Traversability Index r is a fuzzy function of the 
slope a and the roughness p of the terrain.  In the 
framework of fuzzy  logic, the Cartesian product is 
used to represent fuzzy functional relations [13]. Let 
A = {Al,A2,AS,A4} and B = { B I , B ~ , B ~ , B ~ }  rep- 
resent, respectively, the fuzzy sets defined on the 
input variables a and p.  The  Cartesian  product 
of these input fuzzy sets is the  output fuzzy set 
T = A x B with the membership function defined 
by p ( r )  = p ( a )  * p ( p ) ,  where * denotes the fuzzy 
“and” operation and T is the fuzzy set of the out- 
put variable r. The Traversability Index r is repre- 
sented by the four linguistic fuzzy sets T = { POOR, 
LOW,  MEDIUM,  HIGH }, with the membership 
functions shown in Figure 2c. In  the context of the 
Traversibilty Index r ,  the Cartesian  product func- 
tional relation can be represented by a set of sixteen 
simple fuzzy rules summarized in Table 2. Based on 
these rules, it is seen that  the Traversability Index 
of the terrain r is  defined to be POOR when the 
terrain slope a is VERY  HIGH or the  terrain rough- 
ness p is ROCKY (see fourth row and column in 
Table 2). This implies that terrains with very high 
slope or with rocky surfaces are considered to be un- 
traversable and must be avoided. When these two 
extreme cases are excluded, the Traversability Index 
T has a fuzzy  value  between POOR  and HIGH  de- 
pending on the slope and roughness of the  terrain 
(see  rows 1-3 and columns 1-3 in Table 2). Notice 
that  the Traversability Index varies with the size, 
drive mechanism, and rock climbing capability of the 
rover, and therefore the above definitions apply to a 
particular rover with a given mechanical design. 

The fuzzy  logic process for computation of the 
Traversability Index r consists of three stages. The 
crisp values of the  terrain slope a and  the  terrain 
roughness /3 measured by the on-board sensors are 
initially passed through the ‘Tuzzification” stage to 
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find the degrees-of-membership  in their correspond- 
ing fuzzy sets. This  data is then used to evaluate the 
Traversability Index based  on the fuzzy rules given 
in Table 2. This  stage, which is referred to as “in- 
ference” in fuzzy  logic, produces the activation lev- 
els or strengths of the rules that are “fired”  using 
the max-min method [13]. This information is then 
passed to  the “defuzzification” stage where the crisp 
value of the Traversability Index T is computed using 
the centroid method [13]. Note that  the fuzzy  logic 
framework  used  for computation of T only  requires 
reasonable estimates of the  terrain quality data Q 

and  obtainable from  inexpensive sensors that  are 
expected to be inaccurate. This  method does not 
need  expensive  precision  sensors that also require ex- 
tensive processing of sensory data for accurate inter- 
pretations. 

2.4 Terrain  Classification  Based  on r 
The Traversability Index provides a basis  for  clas- 
sifying planetary surfaces according to their ease of 
traverse. Using the fuzzy linguistic description of 
the Traversability Iridex r ,  different planetary sur- 
faces can  be classified into four categories based  on 
their value of 7. The four linguistic fuzzy sets for T 

can  be  interpretted as follows: 

0 POOR T + HIGHLY-UNTRAVERSABLE 
TERRAIN. 

0 LOW T + UNTRAVERSABLE TERRAIN. 

0 MEDIUM T + TRAVERSABLE TERRAIN’. 

HIGH T -+ HIGHLY-TRAVERSABLE TER- 
RAIN. 

3 Navigation  Rules  Based on 
Traversability  Index 

In this section, the Traversability Index defined  in 
Section 2 is used to develop  simple  rules  for deter- 
mination of the rover steering and speed  on a plane- 
tary surface. In other words, the Traversatility Index 
is  used to navigate the rover toward the safest and 
the most traversable terrain.  This index provides a 
simple means for incorporating the  terrain quality 
data  (out  to  about 30 meters) in the rover  naviga- 
tion strategy. The rover  is navigated by executing a 

velocity  change  vector AV command This com- 
mand  can  be decomposed as AV = VLAB, where v 
is the speed and LAB is the steering angle change of 
the rover. We shall now discuss the fuzzy rules for 
determination of the rover steering angle change  and 
the rover  speed  based  on the Traversability Index. 

3.1 Steering Rules 
The steering angle of the rover can  be  determined 
based  on the value of the Traversability Index of the 
terrain in  different directions. In the present anal- 
ysis, we assume that  the  terrain traversability data 
is  available  in five directions, namely: front, front- 
right, right, front-left, and left of the rover at a dis- 
tance r from the rover,  where r defines the radius 
of the sensing  envelope and is typically 10-30 meters 
[12]. The “front” refers to  the direction the rover is 
heading at present, “right” and “left” directions are 
at f90” relative to  the rover heading, and “front- 
right” and “front-left” directions are at f45O relative 
to the heading. Therefore, at any instant, five crisp 
llaversability Indices are computed for the five  pos- 
sible navigation directions described above, namely: 
rj, Tjr, T,, Tfl, and 71. At this  stage,  the  on-board 
software compares these five quantities and selects 
the one with the highest  value Tmaz, that is, the most 
traversable direction is chosen. When the  situation 
has a non-unique solution, i.e., there  are  more  than 
one direction with the highest r, then  the one  which 
is  closest to  the current direction of traverse is cho- 
sen so that unnecessray rotations  are avoided. The 
five steering angle change rules are as follows: 

0 IF rmaz = 71, THEN AB is HARD-LEFT. 

IF T~~~ = rfl, THEN AB is LEFT. 

0 IF T~~~ = r f ,  THEN AB is ON-COURSE. 

IF rmaz = rf,, THEN AB is RIGHT. 

0 IF T~~~ = r,, THEN AB is HARD-RIGHT. 

where { HARD-LEFT, LEFT, ON-COURSE, 
RIGHT, HARD-RIGHT } represent the five  linguis- 
tic fuzzy sets of the rover steering angle change AB, 
with the membership functions shown  in Figure 3a. 
~ ~~ 

‘The AV terminology is commonly  used  for  spacecraft  nav- 
igation  and  control. 
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3.2 Speed Rules 
Once the direction of traverse is chosen  based  on the 
relative values of T ,  the rover  speed v can  be deter- 
mined  based  on the value of the Traversability Index 
T in the chosen direction. This determination is for- 
mulated as a  set of four simple  fuzzy rules for  speed 
of traverse as follows: 

0 IF T is POOR, THEN v is STOP. 

0 IF T is LOW,  THEN v is SLOW. 

0 IF T is MEDIUM, THEN v is MODERATE. 

0 IF T is  HIGH, THEN v is FAST. 

where T is the Traversability Index for the selected 
direction, and {STOP, SLOW, MODERATE, FAST 
} represent the four linguistic fuzzy sets associated 
with the rover speed v ,  with the membership func- 
tions shown in Figure 3b. 

4 Fuzzy Rules for  Goal  Seeking 
In this section, we present fuzzy rules for navigation 
of the rover  from its  current position and orientation 
to  the desired goal configuration. Two sets of rules 
are developed  for the rover speed v and  the rover 
steering angle change At9. The basic idea behind 
the navigation rules is that  the rover tries to: (1) 
approach the goal with a speed proportional to  the 
distance between the  current position and  the goal 
position, defined as the “position error” d,  (2) ro- 
tate toward the goal configuration by nullifyiig the 
“heading  error” Cp which  is the angle by  which the 
rover  needs to  turn  to face the goal directly, i.e., Cp is 
the difference  between the  current heading  and the 
goal heading of the rover. The final orientation of the 
rover  will be aligned with the desired orientation by 
in-place rotation after the rover  reaches the desired 
goal, that is, d = 0. 

We shall now present the fuzzy navigation rules 
for  goal  seeking  in the following subsections. 

4.1 Steering Rules 
The rover steering angle change A0 depends on the 
heading  error Cp, where the angles aie defined to be 
positive in the clockwise direction. The  heading er- 
ror Cp has the linguistic fuzzy sets { GOAL-V.LEFT, 

GOALLEFT, HEAD-ON, GOAL-RIGHT, GOAL- 
V.RIGHT }, with the membership functions de- 
picted  in Figure 4a. The fuzzy rules for the rover 
steering are as follows: 

0 IF Cp is GOALV.LEFT, THEN At9 is  HARD- 
LEFT. 

0 IF Cp is GOAL-LEFT,  THEN At9 is LEFT. 

0 IF Cp is  HEAD-ON, THEN At9 is ON-COURSE. 

0 IF Cp is GOAL-RIGHT,  THEN A0 is RIGHT. 

0 IF Cp is GOAGV.RIGHT,  THEN At9 is  HARD- 
RIGHT. 

It is seen that  the rover steering angle change At9 is 
only a function of the heading  error Cp, and is inde- 
pendent of the rover speed v.  

4.2 Speed Rules 
The rover  speed v is the  output variable generated 
by the  input variable d ,  the position error.  The goal 
distance or position error d has the linguistic fuzzy 
sets { CLOSE, NEAR, FAR,  VERY  FAR }, with the 
membership functions depicted in Figure 4b. The 
fuzzy rules for the rover speed are as follows: 

0 IF d is CLOSE, THEN u is STOP. 

0 IF d is NEAR, THEN v is SLOW. 

0 IF d is FAR, THEN v is MODERATE. 

0 IF d is VERY  FAR, THEN v is FAST. 

It is  seen that  the rover speed v is only a function of 
the goal distance or position error d, and is indepen- 
dent of the heading error Cp. 

5 Integration of Traverse  and 
Seek  Functions 

In the preceding  two sections, fuzzy rule sets are 
given  for the two independent functions of terrain 
traversing and goal  seeking. The rule set for each 
function is  concerned  solely with achieving its par- 
ticular objectives, disregarding the constraints im- 
posed  by the other function. In this section, we dis- 
cuss the integration of these two functions to obtain 



an autonomous navigation strategy for the rover. A 
two-layer architecture is proposed  for autonomous 
rover navigation without a priori knowledge about 
the environment. In the higher layer, the  traverse 
terrain  and seek-goal rule sets make their individual, 
independent  recommendations for  rover  speed and 
steering angle commands.  In the lower layer, these 
recommendations  are arbitrated by  using appropri- 
ate fuzzy  weight rules to generate the combined, co- 
ordinated recommendation for the rover navigation 
based on the rover status. 

Consider the rover navigation architecture shown 
in the block diagram of Figure 5. Each of the 
two functions, traverse-terrain and seek-goal,  gen- 
erates  independent  recommendations for v and A0 
based on its own  objectives. These recommenda- 
tions { d ,  Adt} and {us ,  A P }  are then “weighted”  by 
the weighting factors t ,  and s ,  assigned to  the out- 
puts of the traverse-terrain and seek-goal functions, 
respectively. These factors represent the  strenghts 
by  which the traverse-terrain and seek-goal  recom- 
mendations are  taken  into account. The recommen- 
dations v and A0 of the traverse-terrain and seek- 
goal rules are multiplied by the weighting factors t ,  
and s,, respectively, before the defuzzification stage 
which produces the final recommendation (5,Ae). 
The weighting factors t, and sw are represented 
by the linguistic fuzzy sets {NOMINAL,  HIGH }, 
whose triangular  membership functions have the cen- 
tral values of 1 and 10, respectively. Within  this 
context,  the  traverse  and seek  weighting factors are 
assumed to have the fuzzy  NOMINAL  value except 
in the following extreme cases: 

0 IF T is POOR OR T is LOW, THEN t ,  is  HIGH. 

0 IF d is CLOSE,  THEN sw is  HIGH. 

The first rule implies that when the  terrain is not 
easily traversable by the rover, the recommendation 
of the traverse-terrain rule set is assigned a. HIGH 
weighting factor with the central value‘10 relative to 
the seek-goal recommendation which has the NOM- 
INAL  weighting factor with the central value 1. The 
second rule suggests that when the goal position 
is reached, the seek-goal recommendation takes on 
the HIGH  weighting factor relative to  the NOMI- 
NAL weighting factor for the traverse-terrain recom- 
mendation.  Excluding these two extreme cases, the 
traverse-terrain and seek-goal recommendations for 
v and A0 are  arbitrated by  using equal weightings of 

unity to obtain the combined  final recommendations 
for the rover  speed and steering angle (8,Ag) that 
are passed to the rover  for execution. 

6 Illustrative  Example 
In this section, a  computer graphical simulation 
study is presented to demonstrate fuzzy-based  rover 
navigation using the traverse-terrain and seek-goal 
rule sets developed  in this paper. The simulations 
are performed  using the Rover Graphical Simula- 
tor (RGS) developed at  JPL. This simulator is writ- 
ten in Java  and is platform-independent, running  on 
both PC and Unix  machines. The RGS provides an 
essential tool for visualization of the rover  reason- 
ing and decision-making capabilities using the fuzzy 
logic navigation rule sets. It depicts a  terrain com- 
posed of regions  with  different grades of traversabil- 
ity, together with the  initial  and goal  rover  configu- 
rations. The rule sets for the two functions, namely, 
traverse-terrain and seek-goal, are integrated in the 
RGS. A simple Graphical User Interface (GUI) is 
provided to issue  rover motion commands under the 
fuzzy navigation rules and display the rover  move- 
ment graphically. 

In this study, there  are  three  impassable regions 
between the initial and  the goal positions of the rover 
as depicted in Figure 6. The rover is required to 
drive to  the goal configuration while  avoiding the, 
three regions. These regions are a crater  with  POOR 
Traversability Index (black circle), a high-slope re- 
gion with POOR Traversability Index (black cir- 
cle), and  an  area of high rock density with LOW 
Traversability Index (brown  circle). Each  impassable 
region is surrounded by a user-defined safety zone 
shown  by a yellow circle. The  path traversed by the 
rover under the fuzzy traverse-terrain and seek-goal 
rule sets is  shown  by the  dotted line in Figure 6. It 
is seen that  the  test is successfully completed  with 
the rover reaching the goal safely  while  avoiding the 
three  impassable terrains. 

7 Conclusions 
The new concept of Traversability Index is intro- 
duced  in this  paper for  mobile robots operating  on 
planetary terrains. Fuzzy  logic concepts are used to 
define the Traversability Index in terms of the physi- 



cal properties of the  terrain, such as slope and rough- 
ness. This index is used to classify planetary  terrains 
according to their  suitability for traverse. A set of 
fuzzy navigation rules based on this concept is  devel- 
oped to guide the robot toward the most traversable 
terrain. These rules are  then  integrated with another 
set of fuzzy rules for goal  seeking to obtain  an au- 
tonomous navigation strategy for a planetary rover. 

Fuzzy  logic provides a natural framework  for  for- 
mulating and expressing the  attributes of the human 
navigation expertise  and for emulating this exper- 
tise for planetary mobile robots. The use of linguisic 
fuzzy sets is simple, intuitive, and akin to the human 
reasoning and decision-making  processes. A novel 
feature of the proposed approach is the utilization 
of the regional traversability information obtained 
from the  terrain  data for  rover navigation. This in- 
formation augments the local information obtained 
from en-route obstacles to provide a comprehensive 
approach for autonomous rover navigation that re- 
quires no a priori knowledge about  the environment. 
Future research is focused on implementation and 
verification of the proposed approach on a commer- 
cial mobile robot. 
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